Introduction
High-performance batteries are important for various applications ranging from portable electronics, electric vehicles and grid-level energy storage.
1, 2 Thermal management of state-of-the-art Li-ion batteries (LIBs) and future higher energy batteries is critical to their performance and safety, especially at large scale. [3] [4] [5] [6] The high temperature significantly deteriorates cycle life and it is one important reason to trigger thermal runaway, especially for batteries with high energy and power density. [7] [8] [9] [10] Past efforts mainly focus on modeling of external cooling technologies, such as forced air and liquid cooling, to lower battery temperature 5, [11] [12] [13] [14] [15] [16] [17] [18] [19] , where the lumped heat transfer model is widely used without considering thermal conductivity (k) of a battery itself [15] [16] [17] [18] . Only a few references took battery thermal conductivity into account with assumed values 5, 11, 19 .
Improving thermal transport inside batteries can also facilitate heat dissipation, reduce temperature inhomogeneity and thermal stress in batteries. In this paper, we first measured thermal conductivity of different components in batteries and identified that the battery separator is a major limiting factor for heat dissipation in batteries. Then a thermally conductive Al2O3/polymer composite separator was developed to improve heat dissipation in batteries. The Al2O3/polymer hybrid separator contains both micron-sized and nano-sized Al2O3 particles as the thermally conductive phase, and Poly(vinylidene fluoride-hexafluoropropylene) (PVdF-HFP) as the binder. The large surface area of nanoparticles reduces thickness of polymer coating on Al2O3 and enhances thermal conductivity of the separator. At the optimized materials loading ratio, a thermal conductivity of 1.05 ± 0.16 W m -1 K -1 is reached, which is more than five times that of commercial polyethylene/polypropylene (PE/PP)-based commercial separator. Such separators could improve heat conduction and reduce the temperature rise of batteries in operations. Meanwhile, the composite separator shows similar ionic conductivity as commercial polyethylene-based separators, avoiding excessive joule heating due to slower ionic transport across the separator. cooling, respectively. The voltage loss due to internal resistance is supposed to be 0.6 V.
Materials and Methods

Materials
The simulation time for 3C rate is 1200 s. The capacity of 18650 cell is set to 3.1 Ah.
Liquid cooling is applied to all surfaces. For prismatic cells, the volumetric energy density is set to 600 Wh L -1 for the all cells. More details can be found in section 4 in the supporting information.
Results and Discussions
A typical Li-ion battery is made up of a triple-layer structure with a porous separator sandwiched between two composite electrodes ( Figure 1a ). The porous separator is typically made of polypropylene and polyethylene 20 , while two electrodes are mixtures of active materials (e.g. LiCoO2 or graphite, ~80-95 wt%), carbon black (2-10 wt%) and polymeric binder (1-10 wt%) (See figure S1 for SEM images of electrodes and separators). The triple-layer structure is assembled together to form either a roll in a cylindrical cell or a cuboid in a prismatic cell (Figure 1b) . Voids in electrodes and separators are filled with carbonate-based organic electrolyte. In battery operation, heat is generated throughout the cell due to joule heat and entropy change in electrochemical processes 21 . The heat produced is first conducted inside the cell through both in-plane and cross-plane directions of the triple-layer structure, followed by dissipation process The next step in our study is to estimate thermal resistance and heat The SEM image shows that Al2O3 nanoparticles distribute among micro-Al2O3 particles and they are glued by PVdF-HFP (figure S6b), which is similar with observations in composite battery electrodes 31 . Further analysis, such as 3D imaging by synchrotron, could help us understand the distribution and connectivity of particles in the composite.
The ionic conductivity of samples with nano-Al2O3 is comparable to samples without nano-Al2O3, suggesting that the addition of nanoparticles does not apparently affect ionic transport (Table 3) . Experimental results on thermal conductivity are illustrated in figure   4b . For dry samples, the thermal conductivity is basically the same as those without nanoAl2O3 in figure 3d , as the thermal transport is still limited by contact resistance. After saturating the composite with DEC, the thermal conductivity increases first as the content of nano-Al2O3 becomes higher, from 0.81 ± 0.12 W m -1 K -1 with 0 wt% nano-Al2O3 to 1.05 ± 0.16 W m -1 K -1 with 15 wt% nano-Al2O3, which is consistent with our prediction and meets the goal of 1 W m -1 K -1 . However, the thermal conductivity drops down when the content of nano-Al2O3 is over 20 wt% in the solid phase. This may arise from the fact that micro-Al2O3 particles are separated by nano-Al2O3 particles and they no longer form a network to efficiently conduct heat at low portion of micro-Al2O3. 
where is the volume portion and subscript i means different phases in the composite. As
PVdF-HFP is coated onto Al2O3 particles, two phases exist: PVdF-HFP wrapped Al2O3
and DEC. The effective thermal conductivity of a PVdF-HFP wrapped Al2O3 particle ( 2 3, )) is calculated based on following assumptions and approximations: 1) all PVdF-HFP is uniformly coated onto Al2O3 particles and the shape of Al2O3 particle is spherical.
2) The thermal resistance of the particle is that of Al2O3 and PVdF-HFP in and DEC. Besides assumptions used in the micro-Al2O3/PVdF-HFP composite above, the thickness of PVdF-HFP on both micro-Al2O3 and nano-Al2O3 are assumed to be the same, and k of nano-Al2O3 is supposed to be 12 W m -1 K -1 to take size-dependent thermal conductivity into account 29 . However, the predicted values are 50%-100% higher than experimental results (figure 5b). This suggests that the assumption of uniform coating of PVdF-HFP on both nano-Al2O3 and micro-Al2O3 may not be valid. It is well known that nanoparticles tend to agglomerate due to strong interaction among themselves. Therefore it is speculated that there is less PVdF-HFP on nano-Al2O3 than the well dispersed situation; thus the thickness of PVdF-HFP on micro-Al2O3 is larger than that in uniform coating, which gives a lower than the prediction. The higher predicted by the model also implies that further optimization of particle dispersion and polymer coating may boost to ~ 2 W m -1 K -1 . A concern in applying Al2O3/polymer separator to enhance heat dissipation is that whether the lower ionic conductivity of Al2O3/polymer separator increases heat generation in batteries and thus compensates its higher thermal conductivity. Table 2 The stability of such composite separator is also tested by attaching it to a lithium metal and soak in electrolyte (1 M LiPF6 in EC/DEC) for seven days. XRD data don't show any new peaks, and there is no obvious change in camera images (figure 6). These results indicate that no or only trace amount of Al2O3 has reacted with lithium. We believe that the polymer coating layer on Al2O3 avoids the direct contact between Al2O3 and lithium.
As a result, the degree of reaction is very limited and it should have little impact on thermal conductivity of the whole composite. Further investigation is needed to evaluate the long term stability of such composite separator. : Volume portion of a certain phase
